we have studied three restriction enzyme polymorphisms: XmnI, and MspI sites 5' of the apo AI gene and SstI site in the 3' untranslated region of exon 4 of the apo CIII gene in 18 FCH pedigrees, including 18 probands, 178 hyperlipidemic relatives, 210 normolipidemic relatives, and 176 spouses. DNA variations in the apo AI-CIII-AIV gene cluster had a modifying effect on plasma triglycerides, LDL cholesterol, and apolipoprotein CIII levels. In this study, combinations of haplotypes were analyzed to further characterize their interactions and effect on the expression of severe hyperlipidemia in FCH subjects. A specific combination of haplotypes with one chromosome carrying the X1M1S2 (1-1-2) haplotype and the other the X2M2S1 haplotype (2-2-1) was significantly more frequent in hyperlipidemic relatives (6%) than in normolipidemic relatives (3%) and spouses (0.5%). Associated with this combination of haplotypes were significantly elevated plasma cholesterol (P < 0.0001), triglycerides (P < 0.0001), and apo CIII (P < 0.001) levels when compared to the wild type combination of haplotypes 1-1-1/1-1-1. The only spouse with this specific combination of haplotypes showed a severe hyperlipidemic phenotype, similar to FCH. 
Introduction
Familial combined hyperlipidemia (FCH) 1 was described in 1973 by Goldstein et al. (1) as a distinctive genetic lipid disorder resulting in dramatically elevated plasma triglyceride levels and a secondary effect on plasma cholesterol levels. The prevalence of the disease in Western societies is about 1-2% of the population, and in survivors of myocardial infarction under the age of 60 yr it is ‫ف‬ 10% (1), indicating a 10-fold increased risk for myocardial infarction (2) . Subsequent genetic analyses indicated that the inheritance pattern was more complex and non-Mendelian with a major gene acting on triglyceride levels (3) (4) (5) . The locus with the greatest evidence for involvement is that of the apo AI-CIII-AIV gene complex on chromosome 11, but even the results with this have been confusing, controversial, and somewhat inconclusive (6) . Herein, we provide data demonstrating a complex interaction of high risk haplotypes in this region. This, together with nonparametric linkage data, provide strong evidence for the involvement of this genetic region in FCH, and begin to unravel the complexity of its genetic contribution.
FCH is characterized by a variable expression of both hypercholesterolemia and hypertriglyceridemia, also known as multiple type hyperlipidemia, in both probands and hyperlipidemic relatives (2, 7, 8) . Lipoprotein metabolism is characterized by an overproduction of hepatic apo B100 containing lipoproteins, resulting in increased plasma levels of VLDL and LDL (9) (10) (11) . Small dense LDL particles (atherogenic lipoprotein phenotype B) are frequently found in FCH (12) (13) (14) , indicating that defective regulation of apo B metabolism may be important in the development of FCH.
The genetic defects underlying FCH are yet unknown. Because FCH is associated with elevated plasma levels of apo B, cholesterol, and triglycerides, genetic factors influencing these traits may be candidate genes for the development of FCH.
Despite the observation that plasma apo B levels are elevated, no associations were observed between markers near the apo B gene and the FCH phenotype (15, 16) . Another candidate is the gene coding for the enzyme lipoprotein lipase (LPL) that is involved in the catabolism of trigyceride-rich lipoprotein particles. In FCH, a decreased LPL activity has been found in 30% of the affected individuals (17) (18) (19) that suggests that heterozygosity for LPL mutations might contribute to the lipid phenotype in FCH. However, mutations of the LPL gene (19) (20) (21) (22) appear to contribute to only a small fraction of FCH and by sibpair analysis we have excluded LPL as a major cause of FCH (Lusis, A.J., G.M. Dallinga-Thie, J.I. Rotter, and T.W.A. de Bruin, manuscript in preparation).
Another candidate is the gene region of the apo AI-CIII-AIV gene cluster located on chromosome 11. In 1991 Wojciechowski et al. (23) reported linkage between FCH (analyzed as a single disorder) and this cluster, but this finding has not been confirmed (24). One possible explanation for these variant findings is that this gene cluster does contribute to the FCH phenotype but in a genetically complex manner. The apolipoproteins encoded by this cluster are implicated in the metabolism of HDL and triglyceride-rich lipoprotein particles. Several associations between polymorphisms in this cluster and parameters of lipid metabolism have been reported (25-29) in patient groups and the general population. In a large study using 18 well-characterized FCH kindreds, we evaluated three polymorphisms in the apo AI-CIII-AIV gene cluster and their associations with lipid and apolipoprotein phenotypes were characterized (6) . These findings strongly suggested that the apo AI-CIII-AIV gene cluster is not the primary cause of FCH but that this cluster has a specific modifying effect on plasma triglyceride and LDL cholesterol levels. In the present study a more detailed analysis of the combination of haplotypes of this gene cluster was performed. The aim was to delineate the haplotypes involved, to test whether particular combinations of haplotypes are more frequent in FCH individuals, and, if so, whether they result in a more severe lipid phenotype. We also performed nonparametric linkage analysis to confirm the importance of the locus in FCH. The present data indicated that two different susceptibility loci for FCH in this gene cluster were present, with an S2-bearing haplotype acting in a dominant fashion, and an X2M2 haplotype behaving as a permissive trait. Furthermore, these two haplotypes exhibited epistatic interaction leading to susceptibility to FCH.
Materials
Index subjects. 18 unrelated, Dutch Caucasian, index FCH patients were recruited from the Lipid Clinic of the University Hospital, Utrecht, The Netherlands. These subjects met the criteria described previously (1, 7, 30) , including: ( a ) A primary hyperlipidemia with varying phenotypic expression, including a fasting plasma cholesterol concentration Ͼ 6.5 mmol/liter or Ͼ 95th percentile for age, defined according to tables from the Lipid Research Clinics, and/or fasting plasma triglyceride concentration Ͼ 2.3 mmol/liter, and elevated plasma apo B concentrations exceeding the mean ϩ 2 standard deviation for age adjusted levels. ( b ) At least one first-degree relative with a different hyperlipidemic phenotype from the proband. ( c ) A positive family history of premature coronary artery disease, defined as myocardial infarction or cerebrovascular disease before the age of 60 yr in at least one blood-related subject or the index patient. ( d ) Absence of xanthomas. Exclusion criteria included diabetes, familial hypercholesterolemia (absence of isolated elevated plasma LDL cholesterol levels and tendon xanthomas), and type III hyperlipidemia (apo E2/ E2 genotype). All subjects gave informed consent. The study protocol was approved by the Human Investigation Review Committee of the University Hospital Utrecht, The Netherlands. An attempt was made to collect all relatives and spouses of the index patients, without any selection. In total, 95% of the living relatives over 18 yr old (including 107 first degree -, 110 second degree -, and 171 third-degree relatives) have been included in the present analysis. Hyperlipidemic relatives ( n ϭ 178) were assigned the FCH phenotype when they met the following criteria: plasma cholesterol levels Ͼ 6.5 mmol/liter and/ or plasma triglycerides Ͼ 2.3 mmol/liter. As a consequence, there were 210 normolipidemic relatives. The spouse group ( n ϭ 176) represented an environment-, nutrition-, and age-matched control group for the relatives; 58 spouses (25 men and 33 women) were hyperlipidemic according to the criteria described.
Analytical methods. Venous blood was drawn after an overnight fast of 12-14 h and abstention from alcohol use for at least 48 h. Plasma was prepared by immediate centrifugation for analytical analysis. Lipids and apolipoproteins were quantified by methods as described elsewhere (6, 30, 31) .
DNA genotyping. DNA was isolated from 10 ml of EDTA-augmented blood following standard procedures (32) and amplified by the PCR technique in a Thermal cycler apparatus (Pharmacia, Uppsala, Sweden) as described extensively (6) . Three polymorphic markers, XmnI (C-2500T), MspI (G-78A), both at the 5 Ј site of the apo AI gene, and SstI (G3175C) in the 3 Ј untranslated region of the apo CIII gene cluster were typed (6) . Alleles were defined as 1 or 2 based on absence or presence of the restriction site.
Statistical methods. Results are expressed as mean Ϯ SD. The statistical differences between the plasma parameters of the groups were calculated using the unpaired Student's t test. Data for plasma triglyceride, apo CIII, cholesterol, and apo B were analyzed unadjusted and after log transformation. Frequencies of the three polymorphisms were determined by gene counting and allele counting. Deviations of the Hardy Weinberg equilibrium were tested with a 2 goodnessof-fit test. Linkage disequilibrium between the tested markers was tested using the EHDOS program (33) . Haplotypes and combinations of haplotypes were assigned by examining the cosegregation of individual alleles according to Mendelian inheritance within the 18 families. Allele and haplotype frequency distributions were assessed by chi-square tests.
Nonparametric sibpair linkage analysis. The methodology of robust sibpair analysis was used to test the hypothesis that there is linkage between FCH as a qualitative trait and polymorphic markers in the apo AI-CIII-AIV gene cluster (34, 35) . The basis for this approach is to compare the presence or absence of the FCH trait between siblings as a function of the alleles they share identicalby-descent (IBD). The sibpair IBD method does not require a priori assumptions about the mode of inheritance, an advantage in the analysis of genetically complex multigenic disease. In this method, the proportion of genes IBD between the members of each pair of sibs is estimated for each of the marker loci. The expected frequency of the shared alleles between affected sibs is 0.50, when linkage to FCH is not present. A distortion from this frequency is expected when linkage to FCH, as a qualitative trait, is present. The actual sibpair linkage analyses were performed by the SIBPAL program (SAGE version 2.4) (35). In this analysis, FCH was defined as: plasma cholesterol Ͼ 90% level for age, and/or plasma triglyceride Ͼ 2.3 mmol/liter, and/or plasma apo B above 75th percentile for age. Because a specific locus hypothesis was being tested, a P value of 0.05 or less was considered to be significant.
Results
Subject characteristics. Clinical and biochemical characteristics of the hyperlipidemic FCH relatives including the 18 probands, their normolipidemic relatives, and spouse controls are summarized in Table I . The group of hyperlipidemic relatives and probands was characterized by an increased BMI compared to their normolipidemic relatives and spouses. Additional differences also included an increased waist-hip ratio (WHR) and an enrichment in number of male subjects. Normolipidemic relatives were significantly younger than hyperlipidemic relatives and spouses. It cannot be excluded that in some normolipidemic individuals the FCH phenotype had not yet been fully expressed. Hyperlipidemic family members had significantly ( P Ͻ 0.0001) higher plasma cholesterol, triglycerides, LDL cholesterol, apo B, and apo CIII concentrations than normolipidemic relatives and spouses. HDL cholesterol levels were significantly lower ( P Ͻ 0.0001) compared to both normolipidemic relatives and spouses. No difference was observed in plasma apo AI levels between hyperlipidemic and normolipidemic relatives; however, in spouses the plasma apo AI levels were significantly ( P Ͻ 0.03) higher than in normolipidemic relatives.
Polymorphisms of the apo AI-CIII-AIV gene cluster. In this study three restriction sites were studied: XmnI located 2.5-kb upstream of the start of the apo AI gene, MspI at Ϫ 78 bp from the transcription start of the apo AI gene, and SstI located in the noncoding region of exon 4 of the apo CIII gene. The observed frequencies for all three polymorphisms behaved within the limits of the Hardy Weinberg law. No differences in the gene frequencies between males and females were observed and this allowed us to combine data from men and women. The MspI locus and the XmnI locus were in strong linkage disequilibrium (6), such that those subjects who carried the X2 allele invariably had the M2 minor allele. The frequency of the M2 allele was higher than that of the X2 allele because 21 subjects carried a M2 allele but no X2 allele.
The genotype frequencies of the minor alleles of XmnI ( P Ͻ 0.05), MspI ( P Ͻ 0.05), and SstI ( P Ͻ 0.025) loci were higher in hyperlipidemic relatives and probands than in spouses (Fig. 1) . The difference in genotype frequency in the normolipidemic relatives versus the spouses only reached significance for MspI ( P Ͻ 0.05), although a similar magnitude of effect was seen for XmnI. Further haplotype analysis, by specific assignment of the alleles from the coinheritance in the 18 families, showed that from the eight theoretically possible combinations of alleles only five were observed in the present study population (Table II) . The potential haplotypes 2-1-2 (XmnI, MspI, SstI), 1-2-2, and 2-2-2 were not observed, indicating that the S2 minor allele never combined with the X2 and M2 alleles on one chromosome in this sample. The frequency of the common wild type haplotype (1-1-1) showed a gradual reduction from 0.795 in spouses to 0.744 in normolipidemic relatives down to 0.666 in hyperlipidemic relatives ( P Ͻ 0.05). This reduced occurrence of the common haplotype in FCH subjects was caused by a specific, significant increase of the 2-2-1 ( P Ͻ 0.05), 1-2-1 ( P Ͻ 0.05), and 1-1-2 ( P Ͻ 0.01) haplotypes. The 2-2-1 haplotype also had a significantly higher frequency in normolipidemic relatives ( P Ͻ 0.05) than in spouses. Relative frequencies of the minor alleles of XmnI, MspI, and SstI restriction enzyme polymorphisms. HL, hyperlipidemic relatives (n ϭ 178) and probands (n ϭ 18). NL, normolipidemic relatives (n ϭ 210) and spouses (n ϭ 176). P values were determined usingIn order to associate phenotypic variations with genotype variation, we analyzed the effect of the combination of haplotypes, because each individual has two copies of chromosome 11. Table III summarizes all the combination of haplotypes that were assigned by inheritance in the present FCH family population. Again, a gradual decline in frequency of the wild type combination of haplotypes (i.e., the homozygous 1-1-1/ 1-1-1 haplotype combination) was observed, with a gradient from 0.62 in spouses, to 0.55 in normolipidemic relatives, and down to 0.42 in hyperlipidemic relatives (P Ͻ 0.05). This decrease in wild type frequency was accompanied by an increased frequency of the 1-1-1/1-2-1 and 1-1-1/2-2-1 combination of haplotypes in both hyperlipidemic and normolipidemic relatives compared to the spouses. However, the most dramatic and only significant difference (P Ͻ 0.01) was the increase in frequency of the specific combination of haplotypes 1-1-2/2-2-1 (Table III) . In the group of spouses, representing the normal population, only 1 of 176 individuals expressed this specific combination of haplotypes, compared to 7 individuals in the group of normolipidemic relatives, and 12 individuals in the group of hyperlipidemic relatives and probands. It must be emphasized that this specific combination of haplotypes (1-1-2/ 2-2-1) is characterized by the fact that the S2 allele invariably resides on a different allele than the M2 and X2 minor alleles, who are in linkage disequilibrium as shown herein and previously (6). Fig. 2 provides a schematic representation of these findings. The present analysis (Table III) revealed a six-fold increased frequency of the 1-1-2/2-2-1 combination of haplotypes in normolipidemic relatives and a 12-fold increase in hyperlipidemic relatives. Therefore, the specific 1-1-2/2-2-1 combination of haplotypes was identified with high susceptibility for expression of the FCH phenotype.
Effect of combined haplotypes on quantitative phenotypes. Associations between the spectrum of combinations of haplotypes and quantitative phenotypic lipid and apolipoprotein traits in hyperlipidemic relatives, normolipidemic relatives, and spouses are summarized in Tables IV, V, and VI. Those hyperlipidemic individuals who were typed with the rare, specific high risk 1-1-2/2-2-1 combination of haplotypes had significantly higher plasma cholesterol, triglycerides (P Ͻ 0.0001), and apo CIII concentrations (P Ͻ 0.001) than the hyperlipidemic individuals with the common wild type combination of haplotypes 1-1-1/1-1-1 (Table IV, Fig. 2 ). In the group of spouses, only one individual was found who had the high risk combination of haplotypes. This individual had markedly elevated plasma cholesterol, LDL cholesterol, triglycerides, apo B, and apo CIII levels, actually comparable to the levels found in the hyperlipidemic FCH group. In seven normolipidemic relatives with this specific high risk combination of haplotypes, plasma cholesterol, triglycerides, apo B, and apo CIII concentrations were higher than the normolipidemic individuals with the 1-1-1/1-1-1 combination of haplotypes, but the difference was not significant. Subsequently, an analysis was done to assess the effect of the individual haplotypes in isolation (Tables  V and VI) . The hyperlipidemic FCH individuals who had either the 1-1-1/2-2-1 (Table V) or the 1-1-1/1-1-2 (Table VI) single high risk combination of haplotypes did not show significant phenotypic variation, compared to the hyperlipidemic individuals with the wild type 1-1-1/1-1-1 combination of haplotypes, although a trend for higher plasma cholesterol, LDL cholesterol, and TG concentrations with a greater vari- ability (SD) was observed. Spouses with the 1-1-1/1-1-2 combination of haplotypes, with only a single high risk haplotype, were characterized by a significantly increased plasma apo CIII concentration (25%, Table VI), reflecting the previously described effect of the S2-allele (6). Individuals expressing the homozygous 2-2-1 (X2M2) haplotype were found only in the normolipidemic group (n ϭ 3) and no specific phenotypic variations were found (data not shown). In contrast, individuals who carried two copies of the 1-1-2/1-1-2 (S2S2) were present only in the hyperlipidemic group (n ϭ 3) and in spouses (n ϭ 2). A trend for higher plasma cholesterol (10%), TG (50%), and apo CIII (25%) concentrations was observed, but this was not statistically significant (Table VII) .
Nonparametric sibpair linkage analysis. A robust nonparametric sibpair analysis method of Haseman and Elston (34) was performed on a substantial number of pairs for each polymorphic marker (Table VIII) against the presence of the FCH phenotype as a qualitative trait. The underlying basis for this approach is to compare the qualitative variation in a trait between siblings as a function of marker alleles they share identical by descent. No mode of inheritance is assumed. As can be seen, there was an excess sharing, greater than 50%, of either individual alleles of the three loci within the apo AI-CIII-AIV gene cluster, as well as with the various combinations of haplotypes (XMS). The data represent evidence for linkage of the apo AI-CIII-AIV gene cluster (MspI [P ϭ 0.0088], SstI [P ϭ 0.044], and the XMS haplotype [P ϭ 0.037]) to the presence of the FCH phenotype.
Discussion
Individuals diagnosed with FCH have a substantial increased risk of myocardial infarction under the age of 60 yr. It is, therefore, an important challenge to further elucidate the genetic defects underlying FCH. Previous association studies and one linkage study have suggested that variations of the apo AI-CIII-AIV gene cluster contribute importantly to FCH (6, 23, 25) but other studies have disputed this conclusion (24, 36). A recent, large association study using three polymorphisms in the apo AI-CIII-AIV gene cluster in a set of FCH families indicated that variations in this cluster modify the plasma concentrations of cholesterol and triglycerides as well as apo B and apo CIII levels in both normolipidemic and hyperlipidemic individuals (6) . The results reported herein of the nonparametric linkage analysis in the same set of families indicated that the region of the apo AI-CIII-AIV gene complex showed linkage to the FCH phenotype. However, the genetic contribution of the gene cluster was found to be complex. Analysis of inherited haplotypes within the families showed that the rare allele of the SstI polymorphism (i.e., S2) was invariably located on a different haplotype than the rare alleles
Table IV. High Risk Combination: Effect of the High Susceptibility Risk Combination of Haplotypes X1M1S2/X2M2S1 (1-1-2/ 2-2-1) Compared with the X1M1S1/X1M1S1(1-1-1-/1-1-1) Combination of Haplotypes on Plasma Traits

Traits
Hyperlipidemic relatives Normolipidemic relatives Spouses of the XmnI and MspI (i.e., X2 and M2) polymorphisms. A specific, high risk, combination of haplotypes in the apo AI-CIII-AIV gene cluster was delineated that had a 12-times higher frequency in subjects with the FCH phenotype than in spouses. This specific combination of haplotypes (1-1-2/2-2-1) represents the first identification of a gene region with high susceptibility of FCH, in support of the results of the nonparametric linkage analysis. Presence of the high risk combination of haplotypes aggravated the hypercholesterolemia and hypertriglyceridemia in probands and hyperlipidemic relatives, increased their plasma concentrations of apo CIII and apo B, and was therefore associated with a more severe FCH phenotype. The MspI polymorphism is located in the promoter region of the apo AI gene at Ϫ78, whereas the XmnI polymorphism is located about 2,500 bp upstream from the apo AI gene. These polymorphisms are in strong linkage disequilibrium and in the hyperlipidemic subjects in the Dutch families, the frequency of both rare alleles was significantly increased (6) . The MspI polymorphism has been reported to be associated with elevated plasma apo AI and HDL levels (37-39), but we were unable to confirm this association in either FCH relatives or the group of spouses (6) . The MspI site contributed to quantitative variations in plasma concentrations of apo B-containing lipoproteins, i.e., plasma LDL cholesterol in spouses, and total apo B in FCH probands. The XmnI polymorphic site contributed to variations in plasma apo B concentrations in the group of spouses, and total cholesterol and TG in FCH probands (6) . The SstI polymorphism is located in the noncoding region of exon 4 of the apo CIII gene. The minor S2 allele has been associated with hypertriglyceridemia (40-42) and elevated apo CIII levels, but this was not observed in all studies (43, 44) . We previously reported that spouses who carry the S2 allele have significantly higher plasma cholesterol (10%), triglyceride (40%), apo B (14%), and apo CIII (23%) concentrations (6) . Hyperlipidemic relatives from FCH families who carry the S2 allele show elevated plasma TG (56%) and apo CIII (21%) concentrations. The genotype frequency of the S2-allele was significantly higher in the group of hyperlipidemic relatives and probands only (by twofold; Fig. 1) , with a lower, but similar frequency in normolipidemic relatives and spouses. In contrast, frequencies of the M2 and X2 alleles were higher in both the group of normolipidemic relatives and hyperlipidemic relatives compared to spouses.
Because of the frequency distribution of the SstI polymorphism in FCH families, the possibility emerged that the S2 minor allele was located on a different haplotype than the X2 and M2 minor alleles. This was indeed confirmed by the analysis of the observed haplotypes constructed from the three polymorphic markers by observing the cosegregation of alleles among the family members. As expected, haplotypes that contained a minor allele were more frequent in hyperlipidemic relatives or normolipidemic relatives. The minor S2 allele never cosegregated with X2 and/or M2 alleles on the same chromosome. X1M1S1/X1M1S2 (1-1-1/1-1-2 Type X1M1S1/X1M1S1 (1-1-1/1-1-1 
) on Plasma Traits as Compared with the Wild
) Combination of Haplotypes
Traits
Hyperlipidemic relatives Normolipidemic relatives Spouses Therefore, haplotypes of further interest were (X-M-S): 2-2-1, 2-1-1, or 1-2-1, together present in 22.8% of hyperlipidemic relatives, 19.8% of normolipidemic relatives, and in 14.4% of spouses (P Ͻ 0.01; 1.6 to 1.4 times more frequent in relatives). The 2-2-1 haplotype was the most commonly found minor allele haplotype. The other haplotype of interest was the 1-1-2 combination, with a significantly increased (1.7 times) frequency in hyperlipidemic relatives compared to spouses. A specific, high risk, combination of haplotypes was then identified: one chromosome containing the M2, X2, and S1 alleles (2-2-1) and the other chromosome containing the X1, M1, and S2 allele (1-1-2). This relatively rare combination of haplotypes was 12 times more frequent in the group of hyperlipidemic FCH relatives and probands compared to spouses. The high-risk combination of haplotypes was associated with a dramatic increase in plasma cholesterol (52%), triglycerides (485%), and apo CIII (50%) concentrations (P Ͻ 0.05). In the group of spouses (n ϭ 176) only one individual was found with this combination of haplotypes, suggesting that the population frequency is ‫ف‬ 1:200. This latter individual was also characterized by elevated plasma cholesterol (31%), triglycerides (sevenfold), and apo CIII (73%) concentrations, similar to the FCH phenotype. Interestingly, the present observations show that the two different haplotypes (2-2-1 and 1-1-2) contribute to plasma lipid traits in a different fashion (Table IX) . Each of these contributing high risk haplotypes was also analyzed in isolation, i.e., in combination with the wild type haplotype (1-1-1) . The effect of the S2 allele in this combination (1-1-1/1-1-2) was significant on plasma apo CIIII concentrations in the group of spouses, but not on other lipid traits, either in spouses or relatives. Five subjects who were homozygous for S2 (1-1-2/1-1-2) were found, three within the group of hyperlipidemic relatives and two in the spouse group, showing higher plasma total cholesterol, TG (not the two spouses), and apo CIII concentrations. The 1-1-2 haplotype therefore behaved like a dominant allele on certain traits that are part of the FCH phenotype (see Table IX ). A different situation was found with the 2-2-1 haplotype. No significant effects of the 1-1-1/2-2-1 combination of haplotypes on plasma traits were found. Three individual X2M2 (2-2-1/2-2-1) homozygous subjects were identified, each belonging to the group of normolipidemic relatives. The data therefore indicate that the 2-2-1 haplotype does not act in a dominant fashion, in contrast to its 1-1-2 counterpart. However, the haplotype 2-2-1 did not appear to act in a recessive fashion either, because the homozygous state was neutral with regards to its effect on lipids. The data can be interpreted that the wild type 1-1-1 haplotype is a resistance locus for hyperlipidemia, and that the 2-2-1 allele renders the locus permissive to the hyperlipidemic effect of other genes, one being the S2 allele when it occurs on the other haplotype. Such an interpretation is supported by the previous observation that the presence of any minor allele (X2, M2, S2), analyzed in isolation, resulted in a more hyperlipidemic phenotype compared to 1-1-1 (6) . In other words, the 2-2-1 allele enhances penetrance of the hyperlipidemia and hyperlipoproteinemia associated with FCH. This might explain the mechanism of the dramatic synergism between 2-2-1 haplotype and the 1-1-2 haplotype with regard to the expression of FCH. The data indicate that the genetic contribution to the FCH phenotype is complex and that at least two different and separate predisposing genetic susceptibility regions exist within the apo AI-CIII-AIV gene cluster, one characterized by the 2-2-1 allele, and the other by the 1-1-2 allele (Table IX) . Both maternal and paternal chromosomes may therefore contribute to expression of the FCH phenotype. The data confirm a paradigm of complex genetic contribution of the apo AI-CIII-AIV gene cluster to the expression of FCH.
The presence of multiple susceptibility regions within a gene cluster is not unprecedented, because in insulin-dependent diabetes mellitus (IDDM) a comparable phenomenon has been described (45) (46) (47) . Both the DR3 and DR4 HLA linked alleles predispose to IDDM. Susceptibility for IDDM is greatly increased when they occur together as DR3/DR4 heterozygotes, compared to HLA DR3/DR3 or HLA DR4/DR4 homozygotes, the latter of which also show increased susceptibility to IDDM. The characteristic is that each of the DR3 and DR4 alleles separately contributes to susceptibility (45) (46) (47) . The effect of the high risk haplotypes on the presence of FCH, or severity of hyperlipidemia, appears to be analogous but with distinctive differences, as outlined above. The X2M2S1 allele has no effect by itself and no clear dosage effect, in contrast to the X1M1S2 allele. The more pronounced effect of the S2 allele on the risk to express FCH might be caused by the fact that the SstI polymorphic site is in strong linkage disequilibrium with specific mutations in the promoter region of the apo CIII gene (42). Mutations in the promoter region could affect the level of transcription of the genes in the cluster. Two polymorphisms located within an insulin responsive element (48) might be responsible for this effect. Carriers of these mutations are at increased risk for severe hypertriglyceridemia See also tables II and III, and Fig. 2 for haplotype codes. *Any combination, except 1-1-2; ‡ any combination, except 2-2-1.
(42). However, two recently published studies (49, 50) suggested that the observed association between hypertriglyceridemia and the S2 allele could not be explained by linkage disequilibrium between the SstI polymorphism and variations in the insulin response element of the apo CIII gene promoter. Apo CIII is an apolipoprotein that plays a role in the elimination of remnants of TG-rich lipoproteins. We showed that impaired elimination of postprandial lipoproteins in FCH subjects is associated with increased plasma apo CIII concentrations (30) . The presently identified gene variations most likely do not represent the major gene defect in FCH, which is thought to be responsible for the hypersecretion of apo B containing lipoproteins. The concept that arises from this and a previous study (6) is that the apo AI-CIII-AIV gene cluster is a modifier gene, capable of increasing the penetrance of FCH in a susceptible individual against the background of the yet unknown major gene(s). Nonparametric sibpair linkage analysis on the qualitative trait of FCH phenotype, based on age-and gender-adjusted plasma cholesterol, triglycerides, and apo B levels was used to evaluate formally the involvement of the gene cluster in FCH. Sibpair linkage analysis (34, 35 ) is a nonparametric method that is used to compare variations in a qualitative, or quantitative, trait between siblings as a function of the marker alleles they share identical-by-descent. With complex traits such as hypertension (51) and determinants of LDL particle size (52), linked genetic loci could be identified using this methodology. In contrast, LOD score-linkage analysis (33) requires specification of a genetic model, which is difficult to establish when studying complex diseases like FCH. The current findings that MspI, and SstI polymorphic sites, as well as the haplotypes, showed significant linkage with the presence of the FCH phenotype further established the involvement of this cluster as a susceptibility gene for FCH. The present data indicate the presence of two susceptibility alleles within or nearby this cluster that appear to be in linkage disequilibrium either with the X2M2 allele or with the S2 minor allele.
In conclusion, a specific and relatively rare combination of haplotypes in the apo AI-CIII-AIV gene cluster had a 12-times higher prevalence in subjects with FCH compared with spouses, who showed a frequency of ‫ف‬ 1 in 200. This high susceptibility haplotype aggravated the hypercholesterolemia, hypertriglyceridemia, and hyperlipoproteinemia in both probands and hyperlipidemic relatives. The data demonstrate the presence of two separate susceptibility alleles for FCH in the gene cluster, confirming a paradigm of complex genetic contribution of the apo AI-CIII-AIV gene cluster to FCH.
